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ABSTRACT

Consolidation equation and energy equafions were derived in
[13]. The first effort is to provide reliable, efficient codes
for the solution of these two equations. Inspection of these
equations shows that the consolidation equation can be solved
independent of the energy equation. The solution of the energy
equation requires the solution of the consolidation equation. This
system is solved using a divided difference scheme for the spatial
derivatives and a backward difference scheme for the time
derivative. The resulting set of tridiagonal equations is easily
solved.

The system adequately models laboratory tesﬁs. The energy
equation can be ignored and only the consolidation equation need
be solved with boundary conditions related to the applied pressure.

The model gives no consolidation for the boundary condition of
field data. This has led to derivation of a more complete model

and development of a different scheme for their solution.
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1. INTRODUCTION

1.1 Objective

We would 1ike to solve the equations modelling the phenomena of
consolidation of a soil such as the sediment at the bottom of the ocean.
Further, we would like to allow additional deposition with time.

The equations are coupled sets of nonlinear partial differential
equations 1in one spatial coordinate (depth) and time. We do not expect

the availability of analytical solutions except in limited cases.

1.2 Statement to the Probliem

The following consolidation and energy equations for marine sedi-

ments are taken from {131 :

2
3°n any2 an _ 3n
(1.2.1)  a(n) 2" Rn)(53)" + S(n) 55 = 33
Energy equation:
5 38 _ 3%
(1.2.2) 3T A] (n,8) gz—z-"' A2 (n,e)

where Q(n), R(n), S(n) are functions of the porosity, variable with
depth and time; A](n,e) and Az(n,e) are functions of porosity, n, and

temperature, 6.

We have two cases for solving equations (1.2.1) and (1.2.2):




the Taboratery case and the field case. These cases have the follow-
ing boundary conditions:

For the laboratory case:
(1.2.3) n = f(pressure) at z = 0 and z = L.

For the field case:

(1.2.4) n(z = 0) = 0.85 for all t

(1.2.5) oan(z =L

=z = @ for all t.

Note: The Timits of the variable z are zero and L. The lower limit is
the bottom of the sample in the laboratory case and the basement
in the field case. The upper limit is the thickness of the lab-

oratory sample or the height of the sediment, the interface between

the sea and the formation.
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2. METHODS OF SOLUTION

2.1 INTRODUCTION

The methods of solving the equations introduced in the previous
chapter include analytical techniques, numerical methods, and Timiting
case analysis.

2.2 ANALYTICAL TECHNIQUES

The detailed form of the equations presented in (13) immediately
shows that there is a small probability of solving the equations in
closed form. This leaves the value of analytical techniques to be a
general understanding of the expected behavior of the solution. This
will come from understanding the solution of similar linear partial
differential equations which are more easily solved.

2.3 NUMERICAL METHODS

It is generally expected that the solution of problems of this
difficulty will be solved or "simulated" through the use of numerical
analysis. The usual procedure is to replace the spatral derivatives
with "central” finite difference approximations and time derivatives
with "forward" or "backward" differences to yield explicit and im-
plicit formulae, respectively. Chapter 3 of this report is the details
of a finite difference approach to the solution of this model.

2.4 LIMITING CASE ANALYSIS

A useful part of theoretical analysis of similar models is to con-

sider the solution as time becomes arbitrarily large. In this limiting

case, all derivatives with respect to time become zero as the model reaches

"steady state". This simplifies the model because the partial differ-

ential equations become ordinary differential equations.



The use of the one dimensional maximum principle (see Protter &
Wernberger (9)) can be used to show that the model with the field bound-
ary conditions admits only the "unchanged" 1limiting case solution. This
leads to the conclusion that the model is inadequate for the field case.
This does not affect its adequacy for the Taboratory case. The following
analysis applies to the field case:

A function u (x) that is continuous on the closed interval (a,b)
takes on its maximum at a point on this interval. If u (x) has a contin-
uous second derivative, and if u has a relative maximum at some point c be-
tween a and b, then we know from elementaiy calculus that
(2.4.1) u'(c) = 0 and u'(c) <0 |

Suppose that in an open interval (a,b), u is known to satisfy a
differential inequality of the form |

(2.4.2) L(u) = u" + g(x) u' > 0.

where g(x) is any bounded function. Then it is clear that relations
(2.4.1.) cannot be satisfied at any point c in (a,b). Consequently,
wherever (2.4.2.) holds, the maximum of u in the interval cannot be
attained anywhere except at the endpoint§ a or b. We have here the
simplest case of a méximUm principle.

An essential feature of the above argument is the requirement that
the inequality (2.4.2.) be strict; that is, we assume that u" + g{(x) u'
is never zero. In the study of differenfia] equations and in many
applications, such a requirement is overiy restrictive, and it is
important that we remove it if possible. We note, however, that for

the nonstrict inequality

u" + g{x) u' » 0,

the solution u = constant is admitted. for such a constant solution



the maximum is attained at every point. Protter [8] has proved that
this exception is the only one possible.
We can repeatedly apply the maximum principle to prove that the

Degenerated Consolidation Equation has a constant solution only.

2.5 Uniqueness of the Solutions of the Boundary Value Problem

Keller [6] gives complete discussions of the app]icébi]ity of
several numerical methods for the solution of two point boundary
value problems. The equation [4.3.1.] and [4.3.2] and their associated
boundary conditions give us confidence that the procedures outlined as
in (9) give unique solutions of the boundary value problem.

2.6 Parameter Estimation in Quasilinear Parabolic Equations -

0i1 Reservoir Applications

The method utilizes Newton-Raphson method, finite differences and
least squares fitting criteria to estimate the parameters appearing in
systems of Quasilinear Parabolic Partial Differential Equations is
described in [12]. Numberical results [12] indicate that the Newton-
Raphson method y1e1ds accurate estimates for the parameters within a
reasonab]e number of 1terat1ons It is also found that the Newton-
Raphson method is an efficient method to estimate parameters in
partial differential equations.

The methods developed by StuckenBruck [12] and Chi]ds,bet.a1; [3]
can be used with those under development on this project to determine
the "best fit" soil parameters to make the model fit the laboratory data.

3. A STATIC CONSOLIDATION EQUATION AND ENERGY EQUATION

3.1 A finite Difference Representation of the Model

The consolidation equation (1.2.1) defines the relationship of the

porosity function with respect to depth and time.



This equation can be solved by a Picard iteration. This is set up by
using the explicit derivatives as unknowns and the coefficients on the
Teft hand side as known functions of the current estimate of the sol-
ution. The solution for each time step converges in two or three
intérations in most cases.

3.2 Some Sample OQutput of the Solution of the,Consoiidationquuation

and the Energy Equation for the Laboratory Case

As in Figure 1, we take N = 100 and divide the sample height into
99 equal parts, each part is Az. Porosity (i) denotes the porosity at
point i. The input is shown in Table 1. Then the output statistics are

shown in Table 2.

By using Table 2 we get the Figure 3, which shows the process of
consolidation. At time T = 0 minute, we have initial porosity 0.337 at
point 1, 16, 33, 50, 66, 83 and 100; ath = 20 minutes, we have a slight
consolidation; at T = 200 minutes, we have better consolidation; and at
T = 500 m{nutes we have a reasonable approximately perfect consolidation.

By using Table 4 we get the Figure 4. It shows clearly from
Figure 4 that time starts from T = 0 minute, the porosity at each point
stays at initial porosity, i.e., 0.5584.1 As time goes on, the consoli-
dation process is going on, and at T = 330 minutes we get a reasonable
perfect consolidation. | .

For illite under 1520 psi, temperaiare at 20 degrees cehtfgrade,
we have the experiment results for the tjme versus sample height during

‘the process of consolidation as shown in Table 5.



A finite difference scheme is used to solve the consolidation
equation. Figure 1 shows the nadal points at which the porosities are
chosen as discrete unknowns and are to be evaluated. In the Lagrangean
formulation the finite differences vary with depth and time and are
dependent on the local instantaneous value of the porosity.

For any point i, Equation (1.2.1) may be written as follows:

2 2
0;(n) | 25|+ R [ 2+ s.(n) (27| = | 5%
i az2 ; i 3z {5 i 3z |; st

j
where all the coefficients and derivatives refer to point 1 under con-
sideration.

Note that for the field case: the upper boundary corresponds to
the bottom of the ocean. If the lower boundary is fixed, it corresponds
to the basement.

Let us first express the derivatives of porosity function in terms
of the dependent variable at the nodal points. For convenience we
denot

a = (8z), and b = (8z),,4

in Figure 2.
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Equivalence means that any solution of the system defines a
solution of the equation, and conversely. In fact any system of
differential equation of order greater than 1 may be reduced to a first-
order system by first solving explicitly for the highest-order deriva-
tive. This process may lead to certain difficulties, e.g., extracting
roots [10].

If, in the equations of a first-order system, the independent

variable t appears explicitly on the right side, then we write

which is called a nonautonomous system. Without the explicit appearance

of t we have

which is known as an autonomous system. Note that a nonautonomous
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system can be reduced to a special autonomous system by replacing t on

the right by the dependent variable Xnt-

+ and adjoining to the resulting

system the equation

dx, 41 _
dt ’

Theorem 4.2.1 Let the function fi'be continuous in a domain D

(a rectangle) defined by

It -t <a [x_i - x,°

i l<a i=1, ...,

1

and let the following Lipschitz condition be satisfied for any two
points X and X (with the same value of t) in D:

_ . n

[f(t, x) - f(t, x) | < =

J=1

Then in a suitable interval |t - tol < a < a, the system has a unique

(t)) = x:, =1, ..., n[10].

solution xi(t) which satisfies X; j

4.3 The Existence and Uniqueness Solution of the Approximating the

Partial Differential Equations - Consolidation Equation and

Energy Equation

The complete proof of existence and uniqueness of the coupled
partial differential equations (i.e., the consolidation equation and
the energy equation) is quite difficult at best.

We will referto[ 9] for related réSu]ts. For the consolidation
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Table 4

Qutput at 1/3 points for bentonite run at 90°¢C

Time Porosity Porosity Porosity Porosity
(min) (0.0) (1/3) (2/3) (1.0)
=0 .5584 .5584 .5584 .5584
= 20 .4930 .5300 .5539 .5579
= 60 .4930 .5144 .5361 .5450
= 100 .4930 .5087 .5247 .5315
= 160 .4930 .5037 .5141 .5184
= 200 .4930 | .5014 .5094 .5127
= 250 .4930 .4993 .5052 .5076
= 330 .4930 4971 5007 5022

18
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Table 5

Experiment results for illite under 1520 psi

Time Sample height
(minutes) (inches)
0.7 0.7725
0.2 0.7710
0.4 0.7690
0.7 0.7680
1 0.7660
2 0.7640
4 0.7600
7 0.7560
10 0.7530
20 0.7470
40 0.7390
70 0.7360
100 0.7335
900 0.7286
920 0.7286
930 0.7286
940 0.7286
950 0.7286
960 0.7286
970 0.7286
980 0.7286
1000 0.7286




™ Tabie 6

Output for i1lite run under 1520 psi and DT = 1

o Time Sample height

(minutes) (inches)
0.1 0.7725
0.167 0.7683

~
0.5 0.7651
1 0.7620
2 0.7576

~
3 0.7543
4 0.7515
5 0.7492

=
10 0.7417
20 0.7349
30 0.7319

m .

40 0.7304
50 0.7296
60 0.7292

-
’ 70 0.7289
80 0.7288
90 0.7287

-~
. 100 0.7287
110 0.7286
120 0.7286

£,
‘ 130 0.7286




Table 7

Output for illite run under 1520 psi and DT = 10

Time Sample height
(minutes) | (1n¢hé$)
0.1 0.7725
0.167 0.7688
0.5 0.7656
1 0.7624
2 0.7579
3 0.7545
4 0.7518
5 0.7495
10 0.7418
20 0.7349
30 0.7319
40 0.7304
50 0.7295
60 0.7291
/0 0.7288
80 0.7287
90 0.7286
100 0.7286
110 0.7285
120 0.7285
130 0.7285
140 0.7285
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Table 8

Qutput for illite run under 1520 psi and DT = 50

Time Sample Height

(minutes) (inches)
0.1 0.7725

5 0.7503
10 0.7425
15 0.7381
20 0.7353
25 ©0.7334
30 0.7321
35 0.7312
40 0.7305
45 0.7300
50 0.7296
55 0.7293
60 0.7291
65 0.7290
70 0.7288
80 0.7287
90 0.7286
95 0.7286
100 0.7285
105 0.7285
110 0.7285
115 0.7285
120 0:7285




. Tab]e 9

Qutput for illite run under 1520 psi and DT = 100

~
Time Sample height
(minutes) (inches)
-
0.1 0.7725
5 0.7511
10 0.7432
~ 15 0.7386
| 20 0.7358
25 0.7338
30 0.7324
~ 35 0.7314
’ 40 0.7307
45 0.7302
50 0.7298
- 55 0.7295
) 60 0.7293
65 0.7291
70 0.7289
-~ 80 0.7388
- 90 0.7388
95 0.7286
100 0.7286
- 105 0.7286
e 110 0.7286
15 0.7286
120 0.7286




Table 10

Qutput for i11ite run under 1520 psi and DT = 200

Time Sample height
(minutes) (inches)
0.1 0.7725
3.333 0.7566
10 0.7443
20 0.7366
30 0.7330
40 0.7311
50 0.7300
60 0.7294
70 0.7291
80 0.7289
90 0.7287
100 0.7287
110 0.7286
120 0.7286
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equation, we first replace the time derivative by a backward
difference formula:

an _ n(t) - n(t-at)

at At

and approximate the square of the spatial derivative by (an/az)2
(3n(t - at)/sz)(sn(t)/sz). This gives a Tinear ordinary differential
equation in terms of n(t) if we use (t - At) in the coefficients of the

consolidation equation we then have:

2
(4.3.1)  Q(n(t-at)) B_Di%l_+({R(n(t_At» an(t-At) } an(t) .

2z 3z oz

S (n(t-at)) aggt) _ n(t) -Ag(t-At)

We can do Tikewise with the energy equation giving:

2
(4.3.2) Ay (n(t-8t), o(t-ot)) 3—§i§1 + Ay (n(t-t), o(t-At))
Z

= 3¢ (8(t) - o(t-at))

Further, we can write (4.3.1) and (4.3.2) as four first order equations:

dn
dz

It

m

B o (QrarnyT (R0 nle-st) (t) -

S(n(t-at)) m(t) + (n(t) - n(t-at))/at)
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~ %%—— ¢
- e sy (- An(eet)s o (100)
o 1
o (6(2) - s(t-a1))
It is obvious that this set of equations meets the condition
o necessary for theorem 4.2.1, hence, by theorem 4.2.1, has a unique
solution. This unique so]ufion implies existence and uniqueness
solution for (4.3.1) and (4.3.2).
~
4.4 Analytic Solutions
The consolidation and energy equations have analytic solutions
- reasonably available only after discarding many terms. Such solutions
‘J can be obtained through the usual separation of.Variab]es techniques
if the following assumptions are made:
-~ R(n) =0
Q(n) = constant
S(n) = constant
~ A](n, 8) = constant
Az(n, 8) =0
This is clearly too restrictive.
~
. 4.5 A Limiting Case of the Consolidation Equation
A limiting case of the consolidation equation is obtained Tetting
- t = «. All derivatives with respett to t then approach zero.
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THE CONSOLIDATION EQUATION AS t » w:

The consolidation equation in (1.2.1) is

(1.2.1) - AEC TR AT, oy Sy (1n-p7!) 20 - 20

So as t - =, the consolidation equation degenerates to:

B+D-2. .2 G. D-2
_ A(B-1)C 3a™n s aon-hy an .
(4.5.7) 6.7, n 2 + CD G;-n (1-n-D7") 55 = 0
This implies
dzn a dn '
(4.5.2) — * yiB-n} n 5==20
dz z

The above equation is subject to the boundary conditions
(4.5.3) n(o) = Ny and n' (L) = 0,

which are equivalent to (1.2.4) and (1.2.5).

Theorem 4.5.1 If n(z) is a solution to

2
dn g(z) —g—= 0, 0<z <L,

dz? -
where g(z) = v {8-n} n% n(o) = no
and n'(L) = 0 and n(z) is a bounded function on

[0, L]. Then n(z) is a constant.

Before prove theorem 4.5.1, we have to list two theorems - theorem

4.5.2 and theorem 4.5.3. By [9], we have these two theorems as follows:
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Theorem 4.5.2 If n{z) has a maximum on (0, L), then n(z) =

=™
constant.
Theorem 4.5.3 If the maximum of n(z) occurs at L, then n'(L} > 0.
™
Proof of Theorem 4.5.1:
) Suppose n(z) is a nonconstant solution, we are going to prove
- that we will get a contradiction, thus n{(z) must be constant.
If n{z) is not a constant, then by theorem 4.5.2, n(z) has no
maximum on (0, L).
- By theorem 4.5.3 and the given condition n'(L) = 0 imply that
the maximum of n(z) can not occur at z = L.
Conclude that if n(z) is not constant, then the maximum of n(z)
- occurs at z=0.
So n(z) <n,
implies 0 ng - n(z).
- On the other hand,
let V(z) = N, - n(z) >0
Then V'(z) = - n'(z)
- V' (z) = - n"(z)
= y{8-n} n* n'
= - -— a - '
y{B+V no}(n0 V) (-V').
Hence V" + h{(z) V' = 0 with
~
i V=20 and V'(L) = 0,
where h(z) = Y{8+V—no}(no—v)a.

Again, we cannot have the maximum of V at z = L since V'(L) = 0  0;

and if the maximum of V(z) occurs on (0, L) then V = const = 0; so
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unless V is constant, maximum V can oh]y occur at z = 0.
implies V(z) < 0 since V(0) = 0

implies ng - n(z) <0

implies Ny < n(z).
But we have n(z) <Ny
so n(z) = ny» which is a constant.

Hence we obtain a contradiction.

Therefore n(z) is a constant. 1

Theorem 4.5.1 tells us that there is no reason to make
further research for the field case. From experiment and program
output we know that the temperature keeps constant in laboratory
cases. |

Thus, we can see the consolidation equation (1.2.1) subject to
the field type boundary conditions cannot give a "consolidated”

solution. This quasistatic model is thus inadequate.



5. A DYNAMIC CONSOLIDATION MODEL

5.1 Introduction

Dr. Thompson has derived a set of equations including dynamic
terms. He has assumed this is not a shock wave. That is, he has
assumed that at the instant a load is applied at the surface, it is
uniformly applied over the entire depth of the formation.

The equations are: .

Equation of motion of water -

y
dv nG 9
Leun ¢ =W W g

(5.1.1) 5z~ ¢ MGy, dt

Equation of motion of solids -

B
(5.1.2) - 2R p(qen) s o - (1-n) 6

9z Y )
Y0
i dvs(1-n) Gs-ir
‘dt

Rate of 1oading -

(5.1.3) a[AnB + u(n+h(1-n))
ot

] = rate of loading

Conservation of mass of solids

o((1-n)6g) alvg(1-m)sy)

5.1.4
( ) at Y4

33
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Conservation of mass of water

3(nG,) (VG )

(5.1.5) 5t + 57 T 0

Darcy equation -

D,y o 1 su . - -
(5.1.6) Cn™(1 + GWYO SE) Gw f anGW VS(] n)GW 0

where n is porosity,
u is pore pressure,
VS is the velocity of solids,
Vw is the velocity of water,
and the rest are the same as before.

The equations of motion are combined by eliminating T to give:

(5.1.7)

The approach to solving these equations is based on the assumption
that the functions n, u, VS and Vw can be represented with low order
polynomials at specified values of t. We can then use a finite

difference approximation for derivatives with respect to t.



T

At time t = t,

(5.1.8) n = p](z)
where p](z) =aygta;pzt. . ta oz
and a's are unknown coefficients.

(5.1.9) u = pz(z)

where p2(z) = by + by z+ . . .+ bk z

and b's are unknown coefficients,
(5.1.10) Vo = p3(z)

where p3(z) =cyt C] z+ .. .+c¢c, 2z

and c¢'s are unknown coefficients.

(5.1.11) Vv .= p4(z)

where p4(z) =dg ¥ d] z+ ... +d, z

and d's are unknown coefficients.

At time t = t - At,

=
]

Py(2)

u = P2(z)

<z
{

s = P3(2)

k

L

35



36

Vw = P4(z)

with known coefficients for each Pi(z) fori=1, 2, 3, 4.
First, we substitute these polynomials into the boundary

conditions to determine the coefficients in Pi(z). Given L = sediment

depth the first set of equations are:

n(o, t) = n,

where Ny is the initial porosity i.e.,

(5.1.12) n(o, t) = = aizi = n

implies

(5.1.13) ao+lj]+L%2+L%3==no

3
n(z, t) = 2 aiz1 and since
i=0
d
given n (0, t) . o implies
3z
an (o, t) . 2
ey 1a] + 2a22 + 3a3z ‘.
z=0
implies

(5.1.14) ]a1 + Oa2 + 0a, = 0



i,

u(L, t) = depth of ocean * 6 v,
3 »
Since u(r) = = bi A1,
i=0
- 2 3
U(L) - bO + b'lL + sz + b3L

depth Qf’ocean * GwYo

2 3

(5.1.15) b, +Lby +L%, +Lbg

1
= depth of ocean ™ G v, .

V. (0, t) = 0 and

S
2 -
_ i
i=0
o 2 3
implies

(5.1.16) Co * Ci0 ¥ °2°2 = 0.

Given Vw(o, t) = o and
2 .
since VW(A) = I dix1, it follows that
i=0
2 _
(5.1.17) d0 + d]O + d20 =0

37
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We use differences 1like

pi(z) - P.i(z)
At

to approximate derivatives with respect to t. The resulting equations
can be explicitly differentiated with respect to z. If we use poly-
nomials through 3rd order terms in’Equations (5.1.8) ahd (5.1.9) and
through 2nd order terms in (5.1.10) and (5.1.11), then we have 14
coefficients to determine. The boundary conditions (5.1.13) through
(5.1.17) give five equations. Additional equations can be written by
writing "collocation" equations at different points in z. These
equations come from satisfying the governing Equations (5.1.3) through
(5.1.7) at these collocation points. If we use four collocation
points, we get 20 equations to go with the 5 boundary conditions.

A code from Childs [3] is being used to solve the system of
equations such that the boundary conditions exactly and the collocation
equations in a least square sense. This is incomplete at the time of
this report, but, the investigators are continuing these efforts on

their own time.
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6. CONCLUSIONS AND DIRECTIONS FOR FUTURE RESEARCH

A code is working for the solution of the static consolidation
equations. This code works reasonable for laboratory boundary cond-
. jtions. It is being adapted to work in a parameter estimation mode
such that laboratory data can be used to determine the coefficients
in constitutive equations.
Anbther code is under development for the solution of the dynamic
consolidation model. When these codes are completed, an addendum to

this report will be forwarded.
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Transform nonlinear consolidation equation
and energy equation into Tinear equations
by backward difference and second order
parabola scheme.

Declaration

Input necessary parameters associated with
consolidation equation and energy equation.

Output these parameters

While input for time T is not to be cancelled

1. Solve porosities at time T by
calling SUBROUTINE TRIDIAG.
2. Set up iterations.

1. Solve temperatures at time T by
calling SUBROUTINE TRIDIAG.

2. Set up iteration (one iteration
will be enough since energy
equation is linear).

Qutput the solutions for porosities and
temperatures.

Fig. 7. Flowchart of a code for solution of
solving consolidation equation and energy
equation.
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27 88= 4FT,2¢/ 7
READCL» %, END=CE
IF¢ NUKMBER OF 27
IF( MAXITR LT, 2
FMax USE = MARLIIR
IF( TOL OPR JLE.
NHSi=R~-1
NES2=N-2
F=F o / (UNIT AREA) = F - = AEN¥ER BY CXFERIMENT
F=FQ
IsUM(0r=1
oo 30 I=1+3
ISUMITI=(TEN+1Y 76
30 CONTINUE
ISUM(SE) =N
QUTRUT COUNT = §
STEF = 1
ASSIGN THE VALUES FOR YECTOR OF FORQSITIES 3 TEXPERATUR
(INITIAL POROSITY & TEMPERATURE AT ALL POINTD)
AT TIME T,
) 40 1 = 1s N
PRYFOR{I) = F INIT
PORFTIH{(Ii=PF INIT
FOROS(1y=F INITY
THFPTH(I)=THL
4G TERAF(I)=THM1
INITIAL T
T=0.,0
T MIN = 07
IT PREV=DT
17, BEFINE DX=H CH/(N-1)
2y, INITIabLIZE U(K(lvg) 0¥ FOR Jd=1 TO N «aND Da=DXDBR=DYX,
3y, H INCH =H CM/2.54 (NOTE! 1 INCH = 2.%4 CH;
n¥{=H CH / MNMS1
I8 S0 J=1sN .
S0 IXX(Js2)=D1X
La=DY
UR=0X
CHANGE CH TO INCHES.
H INCH = H CM / 2.34
SUMMARY(1+0)=T
SUMMARY (2+01=H INCH
I'0 5% I=0+4&
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SUMMARY(T+2,0)=PCROECISURIIN)

COHTINUE
WRITE/&:815 T B INCH
WRITE{&s POAPOROE I s Iz N
IFC TEMFERATURES L1 JEQ. 77 ) WRITE(S240) (TERFIIVslIz=isH
IF{ BRIMTOGUT (1LY JEQ, 7Y 3 THEN
WRITE(12+210) T+ H INCH
WRITE(12+8303 (POROS(IMsI=1sn
TFOTEMFERATURES (1LY LJEG, 7Y ) WRITSI124580:) (TERFLIIsI=1sN
CNDIF
TPSARNEKE  INPIES NeEXFC(ALOG(P/al1/RI TTTTTTTTTT
COMTINUEZ
ITER = O
MO=EXF{IaL0G(P /483 R
PHXAXRW=WEIGHT s WHERE RW IS THE UNIT WEIGHT 0OF WaATER
IRPLIES F=WEIGRT/A=FHERY .
IMFUIES FH=R/RU=F/(GOYGH) HOTEIRW 1% 504G
FH=F/(B0%CW) )
G ¥N -3¥N +G N ==
2 I-1 I 1 I+t 3
INPLIES -G /G)%N +iG/G1%N  ~{8 /GYEM =6 /B3
2 I-1 ’ I 1 I+ 3
HOTE! Q(Isi)=—(8q /6
Qeisy2:=1,
Q{Is33=-(G /B
1
U(I1y=6 /G
3
SH=Aa% N¥¥R/(GO¥GW) '
FOR EACH POROSITY N AT EACH INTERIOR FOINT.
Q{1,1)=0,
Q ( 1 s 2}=1 .
QA(1s3)Y=0,
POROS(1)=HO ~
o 12% I=2-Nﬁci
SH=AKEXF (E¥ALOG(FRYPOR(I)))/(GO%GH)

- - > - " - .~ S - " - 2 W A . — - a = S b . - . ——— 0 me D V- " A . .

FERMEABILITY PER UNIT AREA K=CH¥N¥kD (CH/SEC)
K=CXEXF (DI4¥ALQG(FRVPOR(I) )

- - —— " - " " —— — ] - - —— e = e m 4w e

QEFFICIENTS QNsRNsSN OF THE LEFT-HaND SIDE OF
ON EQUATIOHN,

:
£1)XALOG(PRUPOR (1)) DY (PHFES (B-E4SH)
I H(E-1)-2%E

b &
FOR(I)XE~-PRVUFPOR(

THE CO
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FEDEFI&E DA=DAA(Is23y DR
(Op=RE=LX (OLD ”ALUEW IF 7

Da=0xX{1:2)

Ti=1+1
I! Li},.rlll':.}
AFDE=L&A+DN

JHﬁDP DH*DE
AMP=TA¥DAPDER
BHF=DH¥DAPDE

C2p=2, /BYF
C2C=-2. /DAKDER
C2H=2.’HﬁF
CiF=IAaSR
Q1§=(DP”DHJEUQﬁDB
Cin=-1x,
FROM CONSOLIDATION EQUATION LE 4FLE
aNE{ (N€I+1)‘2N(I)+N(I~1JW/(DL AR,
(RNKIINODZHSHY { (N(I$#1-N(I-1)3/420230)
={N(I)-FORPTHM(IY/DT
AHD SINCE .2
0N/ 21=C2F %N +C20HH ~CIHEN
Dz I+1 I I-1
AT Z
I
ANDL (DN/DZY =C1P¥N +CICHN +C1IHEN
it I I-1
AT ZI
THE CONSOLIDATION EQUATION BECOHES
QI ZINCIHIHQ(T2IN(II 4RI LINCI-10=00D)
(NOTE! U(I)=-PORPTM(I)/DT)
AND Q(IrJ)=1:2+3 ARE DESCRIBED AS FOLLOW
UNODRZI=C1P¥FRVPOR(I+1)+C1 #FF”FDRfI)+C1ﬁ$°E“ OR{I=-110
TERM=RHXDNODZ+EN
QCI+3;=QNYC2F+TERMKCLF
G{1s2)=QNCRCHTERMICIC-1.0/D7
Q(I+1=QN¥CIH+TERNACIN
FORQS(I)=-PORFTH(I} DT
CONTINUE
G(N91)=00
QiNs21=1,
Q{Ns2)=0,
PORDS(NI=ND
FOROSITIES AT TIME T+IT

CALL TROIAG( 105y Ns Qs FOROS 3

e o - o o = - A P e S e e mn W e e



YET)

CICNTIY

CICITITICIICITICICI)

LEE 0,
H I = 1
GUM PR = SUf DFR + ABS( PORQE(I: - FRUFDE ]
Fr Fily = POROS(I:
CONT £
ITER=ITER + 1 .
IF (cu¥ PR ,G7., TOL DPR 4D, ITER LE, BAX USE: GO T
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(A1

N

IF( TEHPERATURES(1:1) ,ER@, ‘Y’ ) THEW

G(1:30=0,

giir2r=1,

0(1.35=0,

TEMF{1:=TH1

ERATIO=-E/KU

FICYF=(EXP (= (1/B)¥ALOG{10%A) 1 IX(I+ERATIO)
00 S50 I = 2+ NMSI

DA=RXX{Is2)

11=1+41

DE=DX¥ (1152

DAFIE=DALDE

DAKIE=0AXDE
HHF DakDaPDE

i A

¥,

?faLDb’Fﬂ“GSkL?)**# T-FIEYF¥EXF(ERATI DﬁHL”C\
I)RGHECUWE (1= FqFﬂ”’I'BXG
2¥FOROS(IN+GOIAPORDE 1) 4F
YEGU¥EWH (1-FORRS(I #SS

DE{I-PORPTHM(I) s /DT
*lHO0T+(F4/F”)

FRON ENERGY EQUATION WE QRTAIN

(DENGTE TEMPERATURE BY Y, ‘
A (C2F%V CZC*UI +C2M%Y )~-A +av 13-V0{T/ny

TH:N WE
QEI33%Y

[¥y]

o
ke

10
Y

RO

LSRR

{13

[4

[T LR d e < mo s 4 gp Tog s Jag Ay

=N (WX s s Laa B v VAR TR TR TR B T L
[ £ R

)t“ﬂ

£

DM ITMTY RO OO0 0
P 2o B Lo) FOCD b bt et bt B3 T IR
T AT CIEIN M | 2k ) D
e O e D A BT e 13 L
Sy e D—f—l’.‘)»—-«rﬂ"ﬁm_‘\‘\j e e

\_71 H[JH»/\

uo

+R(Is2 )*UI +Q(1s 1)*UI \ éq ~9oilN/ny
=1s2,3 ARE DESCRIBED AS FOLLOWS:

-1,0/D7
MPPTM(I)/DT

o ('"’J’-‘H”‘"‘f.)
RN e

~ oSl



49

o

1 i
o~ t ! - - }
u . - i t prast - ]
- - r 1 ! Lt - 2t
(o] B il £ H t * i - 1
A g » ~ . i H Ll i Laad I
.. [4) =, | - i 1 - -t . 1t ¥
L . -4 it = ] ] x - (=) 1
l ~ f [N t i - (8] o~ w. 1
|2 [ . v 1 1 e P (2 -~ ]
b L B o A 1 } < -1 - et 1
EaS (3] (5] ] 1 T —~ t
. L) - i 1 [ s b e . 1
(¥ - . == ) ! L et pr 1
{1 " [ % i i - SR ol ! i
[T CEL til ‘ ] ¥ (o] . R v s - t
- | %R - 1 H [FY] e — t
04 L3l - i i e prid - Tl - 1
= Laal et ol i | Q) r—t pros] Qi v e [}
[ B 4 ) -~ L] i [ o < [ow} - 000 ot i
- L) <r - 1 [ Bl | - bl > - S [ax)] i =
~ ¥ qal $-- -~ ¢ H ) = ouk o LR - J Ll
L] ] - o { | e o fe] [ s ». e 4 ' s
4 i . ~¥1 (a2 > 1 1 (v = 4 wta)~ — ] -
a4 (ot -t st <C - 1 i X G- - S - ]
». [ -t | 9% LA 4 t | o -~ < wop—i 1} tad H -
[ o B N - =gl [ - ' [ O I o} = 1 [y v | 2 1
<o tat 4 P [} X i RS T ae W g, W poc: ] -4 i Ui
[ t (¥ i [x 3N — t t L = X owd - N r i tu
[ST VS B % *et s 4 ~t 1 Q. i t [ex] | aal o ~ T [ N 7Y ] —~2 1 o
- IR (1 - - (¢34 H i -t ., Ul 0. L T 2 = A ] i
(o B R S WA TR e 3 -~ -t [ i [ KT S e G Lt (o8] U~ Lt - 1
p- oo I b C-4er [£98 1 § o - tat— = [t I s Ty v I L il ] -
et 3 2 N Ll S ~ el { [ I (77 ] [l t2 ] o] to. T2l CED o~ i o 1 i
—~ L] Lotild e o~ -~ o~ ] i | I ¢ Lond o3 w w0 Ll Lok ] tu
PR3 R Sk o Eill | BP e | el el 1 [0 M | LI - [ SRR v W ol L } +
O. R ol V4 Lo B - it -~ i [y vl ] Lo} H [ e i N ] )
p: R R 'Y L i a% §oEn [ 1 1 >~ L OF 4 Oo 0L - (Irald t .
ul P e N ] ([} ] =2 T ~ H [ Sl U] g e =3 0O i | il
- v’ agIZ e bl il Ul ~ 7] ] L e [x 8 Py, o = RSN TR TWEY o1V £ tond 1 [
. GO0~ LR U, [ow] ] 1 [ £ Jum } QX LIUIr4 s O O [} us
- R TEL =1 B F R o o ot o i it Ok BT bl — U S L TG t ()]
(] - CH v e [Vl o] ! e e« Wil Z A CL e+ O ! P4
- O T ol ol WY S A - O -~ ¥} t [ R v A OO0 LY s t [
it PR e ow B R U [ o v g - 1 V- O.l R T o o T SR R ke 1 £
b e e IR e vt e A= - H | 1 0O L o mt OO U e 53] | o~
. £ v ERUE ¢ I S e i ] tul we o, » G I es e t {i
i N ~ i uw Su [TY Bas o8] ~er T [0 ) (3 allpe ny T8 | G = LT~ LAl v ST i el
< Ll e ot e ozl Ge b HIX ~= MNWHI b 4 H f— (S5 30 S W O ED - b ¥
i I sy o Fo R Kun D R Sl ¥ (7 b | b SR - t 1 o BN ¢ 1 R sl ~ U D = GO0 i (€]
A I PO jone} —ul [ewieg] > U } 1 - L UL O £ s B ] (%]
~— p— wn b0 N e adoralfs -0 AR S S o B ol | | B R PO PR e ol 3 D - ov L L T l -
(] ol |t R B - e < [ S ov o g BT p- 4 (¢4 (o] i — [ R ad] P40 * (D OD w(1] b et it ] (o]
Loy [P SR St X o R UA NN o ) ¥ 24 foCRE o Fv I e [ ot B W Ry jas] ] H [Ty ] N ¥ ~ i .
L) R R e R TR i R R M A R N oL i {12 3% (=] [V i | B oot NI o TRt s L] IR I35 Reg: Sl ol [EEEVSITS Iy Cia
o] [N M TE ST el S - G b2l [ g UY [Ea] 96 oy = 1 12 1)~ =TI e b Ladbes C b b ] i
R YO ot TR R e R N VY FFE ) B S oo B e SR &5 Lo B B 0 -tad e t 2 Lo~ LdE Ll oL~ C O e = b [V S
Yoo b AT L O GO P b e L IS T e QTN Ul W il 1 Wi - Cll -1 O ootz ! 4 U
V= e TR O bt e T e e AT LT a0 [v A [ Nt P bt e A Q2O bt O e 0 e TR ZE L [me I
4 A Foal TR ot [ T ] SRS Rl =L ao . #pT - (e | [ o Ul O O~ (2 L. O L. ] =
| L) N T E [ RN s | eI L)y  aes 12 Ll 1 o SR ha: 4 FRC I § VI oo | VRN ] 1 bl
<L (R ta. FEER TOE B s of oo R o Bl oo R o) <L td v b ol LR ! ts..
[ - i = el G L L s € L e D T T fenl ] $ 0. Fetbed by “ =t
[} t —
' i . |}
o] Lor < s ] 3 < SR 1
(&3] [l - o4 [} [} A [ I t
13 [ o2 ™ - t ] a3 [ N o x ] i
(%) sl LI AL LI Ly

Rt |
-'h\)
gy,
EN
3
&
.



[RY]

oo

(¢
[¥h
n

00
—Cy
Lt leed

Q0

LAl

<>

[A)]

O

WRITE{4,87
FORMAT(/ WOW USING OUTFUT INCREMENT =/,rs. 2
: itha 1 s ‘.
WEITICée¥)  IONTROL L TO S7CF OF ImFLY TRD oo
REAL(S #sEND=700) INCSTEF
IF( INCETER LT, 0 : THEH
WRITE{&:k) 7 INFUT THE HEW BT ¢
READ(S X eEND=900) DT
IFC PRINTOUT(131) L€, ‘47 L0, PRINTOUTILI:
WRITE{12,273)
FORA DT WILL HOW BE "+F12.1 3
ENDIF
INCSTZF = ARGIINCSTER)
IF{ INCSTER LT, 1 ) INCSTEF = 100
IFC 0T ,L7, DTHIN 3 &T = DIPREY
STEF = 0
ENDIF
STEF = STEF + 1
RATIC = 0T / DTFREV
DG 226 I = 1, N
SAYE = FOROS(I) A _
PORDS{I) = SAVE + ( SAVE - FORFTH(I) J¥RATIC
FRVFOR (I)=FOROS(I)
FORFTN(I) = SAVE
SAVESTEMF(I)
TERF {17=SAVES (SAVE-THFFTH(I) 1¥RATIC
THFFTH( 1) =SAVE
CONTINUE
QUTFUT _COUNT=QUTFUT_COUNT +1
IF (QUTFUT COONT .GT. 2000)0UTPUT COURT=2000
SUMMARY(1+QUTFUT COUNTY=T
SUNKARY {2,0UTFUT COUNTY=H INCH
B0 285 1=0+¢
SUMMARY (1+3:QUTFUT COUMT)=FORGS(ISUNII})
- COMTINUE
IFC T LT, THAX LAND, STEP LT, NUMEER OF 37EFS
WRITE(125910) (ISUK(I) ¢1=0s8)
FORMAT (104,  TIME’ 1éXs 'HT. TNCH'»7(2X, FOROS(’ 13
OUTPUT INCREMENT = 1
00 950 ISU=0s OUTPUT COUNT , :
1F (ISU_LNE, (ISU/OUTFUT INCREMENTY®OUTFUT 1N
WRITE(12,930) (SUMMARY(I+180)1=1,9)
IF( SUMMARY(1,I8U) ,GT. &0. ) QUTFUT IHCREAE
IF( SUMMARY(1,ISU) ,GT. 120, ) GUTFUT INCRER
IF( SUMMARY(1,ISU) ,67, 600, ) OUTFUT INCREM
FORMAT(1X:F14,0,F12,4,7F12,4} '
CONTINUE

ST0P
END
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